Genetic analysis of parasitic nematodes has been a neglected area of research and the basic genetics of this important group of pathogens is poorly understood. Haemonchus contortus is one of the most economically significant livestock parasites worldwide and is a key experimental model for the strongylid nematode group which includes many important human and animal pathogens. We have undertaken a study of the genetics and the mode of mating of this parasite using microsatellite markers. Inheritance studies with autosomal markers demonstrated obligate dioecious sexual reproduction and polyandrous mating which is reported here for the first time in a parasitic helminth and provides the parasite with a mechanism of increasing genetic diversity. The karyotype of the H. contortus, MHco3(ISE) isolate was determined as 2n = 11 or 12. We have developed a panel of microsatellite markers that are tightly linked on the X-chromosome and have used them to determine the sex chromosomal karyotype as XO male and XX female.
ABSTRACT
Genetic analysis of parasitic nematodes has been a neglected area of research and the basic genetics of this important group of pathogens is poorly understood. Haemonchus contortus is one of the most economically significant livestock parasites worldwide and is a key experimental model for the strongylid nematode group which includes many important human and animal pathogens. We have undertaken a study of the genetics and the mode of mating of this parasite using microsatellite markers. Inheritance studies with autosomal markers demonstrated obligate dioecious sexual reproduction and polyandrous mating which is reported here for the first time in a parasitic helminth and provides the parasite with a mechanism of increasing genetic diversity. The karyotype of the H. contortus, MHco3(ISE) isolate was determined as 2n = 11 or 12. We have developed a panel of microsatellite markers that are tightly linked on the X-chromosome and have used them to determine the sex chromosomal karyotype as XO male and XX female.
Haplotype analysis using the X-chromosomal markers also demonstrated polyandry, independent of the autosomal marker analysis, and enabled a more direct estimate of the number of male parental genotypes contributing to each brood. This work provides a basis for future forward genetic analysis on H. contortus and related parasitic nematodes.
INTRODUCTION
Genetic studies on parasitic nematodes have been predominantly confined to a limited number of population genetic studies, although there has been recent interest in using these approaches to investigate parasite epidemiology and the evolution of drug resistance (ANDERSON 2001; BLOUIN et al. 1995; CRISCIONE et al. 2007; GILLEARD and BEECH 2007; NEJSUM et al. 2005; TROELL et al. 2006) . In contrast to the progress made in mapping genes associated with traits such as drug resistance and virulence in parasitic protozoa, forward genetic approaches have yet to be applied to parasitic helminths (SU et al. 2007; TAIT et al. 2002) . Haemonchus contortus is one of the most economically significant livestock parasites worldwide and is an important experimental model for the strongylid nematode group which includes many important human and animal pathogens (GILLEARD 2006; KNOX et al. 2003) . It is one of the more amenable parasitic nematodes to genetic analysis having high levels of genetic polymorphism both within and between isolates and being one of the very few parasitic nematode species in which genetic crosses between isolates have been successfully undertaken (BEECH et al. 1994; HOEKSTRA et al. 1997; HOEKSTRA et al. 1999; LE JAMBRE et al. 1999; OTSEN et al. 2000a; OTSEN et al. 2000b; REDMAN et al. 2008; SANGSTER et al. 1998; TROELL et al. 2006) . Although genetic crossing is experimentally possible, it has been minimally exploited due to technical challenges associated with setting up paired matings, a lack of information on the basic genetics of the organism and the limited number of available genetic markers. However, the H. contortus genome project is currently one of the most advanced of the parasitic nematodes with approximately 800Mb of shotgun sequence currently available and with on-going work on full genome assembly and annotation (http://www.sanger.ac.uk/Projects/H_contortus/). Hence genetic marker development should no longer be a limiting factor and so H. contortus now has the potential to become a powerful experimental system in which to study parasitic nematode genetics and develop forward genetic approaches to study phenomenon such as anthelmintic resistance, drug mode-of-action and host-pathogen interactions (GILLEARD 2006; LE JAMBRE 1977; LE JAMBRE et al. 2000; LE JAMBRE et al. 1979; SANGSTER et al. 1998) . Consequently, we are investigating the basic genetics of this organism and developing genetic tools to allow such genetic analysis to become a reality. H. contortus is assumed to be an obligate sexually reproducing dioecious organism based on the presence of morphologically discrete male and female adult worms. There is a single study of karyotype using cytological techniques but there have been no studies on karyotype or mating patterns using genetic markers and analysis (BREMNER 1954; BREMNER 1955) . In this paper we present genetic analysis of the H. contortus MHco3(ISE) isolate which is currently being used for the genome sequencing project and also of a second genetically divergent isolate MHco4(WRS) (REDMAN et al. 2008) . We have developed a panel of X-linked microsatellite markers and have used them, along with a previously characterised panel of autosomal markers, to investigate the basic genetics, chromosomal basis of sex determination and the mode of mating of this nematode parasite. This study provides a framework that will be necessary to develop forward genetic strategies and mapping studies on this and other parasitic nematode species.
MATERIALS AND METHODS

Isolation of progeny and broods from single adult female worms
The two H. contortus isolates used in this study were MHco3(ISE) and MHco4(WRS)
which have been previously genetically characterised using the panel of autosomal markers used in this paper (REDMAN et al. 2008) . Experimental infections were performed at the Moredun Institute by oral administration of 5,000 L3 larvae into 4-12 month old
Greyface cross Suffolk lambs that had been reared and maintained indoors under conditions designed to eliminate the risk of trichostrongylid nematode infection.
Individual adult female worms were obtained on autopsy and immediately placed into PBS in separate wells of 24-well plates and were left at 37°C overnight to lay eggs. Adult female worms were removed the following day, decapitated and the head retained for DNA lysate preparation taking care to avoid contamination with progeny. After 24 hours, once the progeny had hatched from eggs as L1 larvae, they were removed from the wells and single worm DNA lysates were prepared.
Preparation of DNA templates
DNA lysates were made from the female heads and the L1 progeny of these adults using standard techniques (REDMAN et al. 2008) . 1 μl of a 1:30 dilution of a female head lysate or a 1:10 dilution of L1 lysate was used as PCR template. Dilutions of several aliquots of lysate buffer, made in parallel, were included as negative controls for all PCR amplification experiments. All adult female head and progeny lysates from each brood were subjected to two independent, previously published PCR assays to confirm species identity as H. contortus. The first PCR assay amplifies the ITS-2 region and the second amplifies the non-transcribed spacer (NTS) of the rDNA cistron (REDMAN et al. 2008; WIMMER et al. 2004) .
Microsatellite genotyping
The autosomal markers used in this study (Hcms25, Hcms27, Hcms33, Hcms36, Hcms40, Hc22co3 
Early embryo mitotic metaphase spreads
Eggs were harvested from faecal samples and prepared for fixation as previously described (COUTHIER et al. 2004 ). Embryos at the 10-30 cell stage were mounted on slides and permeabilized by freeze cracking using standard methodology described for C.
elegans (MILLER and SHAKES 1995) . Freeze cracked embryos were fixed by a 5 minute immersion in 95% ethanol followed by a 5 minute immersion in a 3:1 mix of methanol:acetone and then air dried. In order to visualise metaphase chromosomes, embryos were stained with 1μg/ml 4'-6-Diamidino-2-phenylindole (DAPI), 1μg/ml phenoxypropanol in M9 buffer (ELLIS and HORVITZ 1986) . elegans gene with an E-value of 1e -08 or lower where the next best hit had an E-value higher than 0.01 was considered to indicate a likely orthologous gene. The results of this analysis are shown in supplemental information in Table S2 .
Bioinformatic and data analysis
The observed and expected heterozygosity, average number of alleles per locus, estimates of F IS and linkage disequilibrium were calculated using Arelquin version 3.11 (EXCOFFIER and SCHNEIDER 2005) . Data were defined as 'standard' rather than 'microsatellite', as loci did not necessarily adhere to the stepwise mutation model. An unbiased estimate of expected heterozygosity was based on Nei (NEI 1978) . Exact tests
for Hardy-Weinberg were tested per loci using an extension of Fisher's exact probability test based on contingency tables (RAYMOND and ROUSSET 1995) . For genotypic data with unknown gametic phase, the initial contingency table was constructed from genotypic frequencies and a Markov chain was used to explore all potential states (Markov chain steps: 100, 000; dememorisation steps: 1000). Pairwise linkage disequilibrium was tested for using a likelihood-ratio test, whose empirical distribution was obtained by a permutation procedure under a null distribution of no association between the loci (linkage equilibrium) (SLATKIN and EXCOFFIER 1996) . The number of fathers responsible for the progeny arrays was estimated using GERUD2.0 (JONES 2005) and a sub-set of the multi-loci genotyping data (broods with evidence of null alleles in the maternal genotype were excluded from the analysis). Allele frequency data was used to calculate exclusion probabilities and to rank the solutions when more than one unique combination of fathers explained the data.
RESULTS
Inheritance of autosomal markers and the interpretation of data with null alleles.
Adult worms were removed from the host abomasum and gravid females placed in single chambers and cultured in vitro to lay eggs. Hence single female worms and their progeny could be genotyped as a brood in order to directly study the inheritance of the microsatellite markers even though the paternal genotypes were unknown. 5 single it is not possible to discount these progeny being the result of rare parthenogenetic or hermaphroditic events occurring concurrently with sexual reproduction, these results are instead likely to simply reflect the limitations of the marker panel polymorphism.
The extremely high level of sequence polymorphism in this parasite, in common with several closely related species, results in the vast majority of markers having a relatively high frequency of null alleles in most populations (GRILLO et al. 2007; JOHNSON et al. 2006; OTSEN et al. 2000b; REDMAN et al. 2008 ). This has specifically been shown to be the case for the seven autosomal markers used here in the H. contortus MHco3(ISE) and MHco3(WRS) isolates (REDMAN et al. 2008) . The term "null allele" is used here in the population genetic sense to denote an allele of a molecular marker that fails to amplify by PCR. This has to be taken into account when interpreting the inheritance of these markers since an individual worm could have one of four possible genotypes based on a Genescan Trace; (i) a heterozygote with two observed alleles of different sizes, (ii) a true homozygote for a single observed allele, (iii) a heterozygote with a single observed allele together with a null allele and (iv) a homozygote for two null alleles. The full data set of maternal and brood genotypes is entirely consistent with this
interpretation. An example of genotyping data for a single marker for each of the four types of maternal genotype is given in are seen in such broods. In the case of genotype class (iv), of which there were only a few cases in the full dataset, no allele was observed in the maternal genotype. Consistent with the interpretation of these being true null homozygotes, no heterozygote progeny were detected in such broods consistent with the inheritance of a null allele from the maternal side (Table 1 , Example D).
All of the brood/marker combinations in the full data set are consistent with the interpretations of one of the genotype classes illustrated by the four examples in Table 1 (full data set supplied in Supplemental Data in Tables S1A-S1J). Hence the genetic analysis with the panel of seven autosomal markers is consistent with obligate dioecious sexual reproduction with simple Mendelian inheritance and the presence of null alleles with all markers.
Inheritance of autosomal markers reveals polyandrous mating in H. contortus
The paternal allele for each of the individual progeny in a brood can be inferred by taking into account the maternal genotype (Table 1) . In some cases, there is only one possible paternal allele, e.g. for progeny number 1 in the example A, the 213 allele must be the maternal allele and the 211 must be the paternal allele (Table 1 ). In other cases there is a choice of two possible paternal alleles. This occurs in two situations: Firstly, when the progeny genotype is heterozygous and identical to the maternal genotype either of the two alleles could be of paternal origin. Secondly, since there are null alleles in the populations, when the progeny genotype has a single allele detected on Genescan the paternal allele could either be the one observed or a null allele, e.g. the paternal allele in progeny number 2 in the example A could be either 213 or a null allele (Table 1) . Although this means that the exact number of paternal alleles present in each brood cannot be calculated, it is possible to determine the minimum number for each marker (Table 1) . In all the broods examined, there were more than two paternal alleles present for at least two different markers clearly demonstrating multiple paternity for each brood (Table 2) . For all 10 broods, a minimum of either 2 or 3 male parents must have contributed to each brood (Table 2) . Clearly, the actual number of paternal genotypes could be higher than this since these are the most conservative estimates. There are a number of methods available to calculate the minimum number of unshared parents for half-sib progeny using multi-locus genotypes to infer possible paternal haplotypes (FIUMERA et al. 2001; JONES 2005) .
However application of these did not increase the estimates of the minimum number of male parents since the resolution of these approaches is limited by the presence of null alleles and also number of alleles per marker (data not shown).
Development of a panel of microsatellite markers on a H. contortus X-chromosome fragment and determination of the sex chromosome karyotype.
Mitotic metaphase spreads revealed that approximately 50% of early MHco3(ISE) H.
contortus embryos contained 11 and 50% contained 12 evenly sized chromosomes (17 and 13 embryos respectively, n=30) (Figure 1 ). This confirms that the MHco3(ISE) isolate, which is being used for the H. contortus genome sequencing project, has the same cytological karyotype as much earlier reports on this parasite using a different isolate (BREMNER 1954; BREMNER 1955 ). This result is consistent with an autosomal karyotype of 5 chromosome pairs and a sex chromosome karyotype of two X-chromosomes in females (XX) and a single X chromosome in the male (XO).
We set out to develop a panel of microsatellite markers located on the Xchromosome in order to undertake genetic analysis of the chromosomal basis of sex elegans is to be presented separately. The key point, from the perspective of this genetic study, was that 14 out of the 17 putative orthologous genes were located on the C.elegans X-chromosome suggesting this 408,911bp contig was a section of the H. contortus Xchromosome (summary of Blast search results supplied as Supplemental Data in Table   S2 ).
Simple sequence repeats were identified on this contiguous sequence using Tandem Repeat Finder software (BENSON 1999) and six microsatellites that were polymorphic in the MHco3(ISE) population were selected as genetic markers (Table 3) .
These markers were spread across a region of 195,381 bp of sequence within the 408,911bp contig. Fifty six adult male MHco3(ISE) worms (55 of which had been previously found to be heterozygous for one or more of the autosomal markers) were genotyped and found to be monomorphic for all six of the putative X-linked markers. No male worms were identified as heterozygous for even a single marker as reflected in zero values for observed heterozygosity (Ho) ( Table 3 ; individual genotypes are supplied as Supplemental Data in Table S3A ). This demonstrates that male worms are haploid for this genomic fragment supporting the bioinformatic analysis in suggesting this is an Xchromosome fragment and that male worms have an XO sex chromosome karyotype.
Since only a single copy of this X-chromosome fragment is present in male worms, assignment of haplotypes for the 6 tightly linked markers is unambiguous allowing eight different haplotypes to be identified and their relative frequencies estimated in the population of 56 MHco3(ISE) male worms (Figure 2 ; individual genotypes also supplied as Supplemental Data in Table S3A ).
The heads of 30 individual adult female MHco3(ISE) worms were also genotyped with these markers. In the case of the female worms, the observed heterozygosity values (Ho) closely matched the expected heterozygosity values (He) based on the allele frequencies in the population. This suggests the X-chromosome fragment is diploid in female worms (Table 3 ; individual genotypes supplied as Supplemental Data in Table   S3B ). All 15 pairwise combinations of the six markers were found to be in linkage disequilibrium at significance levels less than P=0.0001 using the likelihood ratio test in Arlequin ver3.11 on the female genotype data (EXCOFFIER and SLATKIN 1995) . By comparison, none of the 21 pairwise combinations of the 7 autosomal markers were found be in linkage disequilibrium even at a significance level of 0.01. This confirmed the tight genetic linkage of the 6 markers, as expected by their location across a contiguous stretch of 195,381 bp of sequence, and supports their analysis as co-inherited haplotypes as opposed to separate independent markers (as was the case for the autosomal markers). Of the 30 female worms genotyped, 21 were heterozygous for one or more of the six markers demonstrating they were diploid for the X-chromosome fragment (individual genotypes supplied as Supplemental Data in Table S3B ). The phase of the alleles of each marker is unknown in these heterozygous females and so, unlike in the case of male worms, the precise identity of the haplotypes present in each individual cannot be definitively determined. However the remaining nine adult female worms that were genotyped were monomorphic for all six markers and so in these cases the haplotypes can be unambiguously assigned; four individuals were homozygous for haplotype 5, three individuals were homozygous for haplotype 3 and two individuals were homozygous for haplotype 2 (individual genotypes supplied as Supplemental Data in Table S3 ).
Assuming Hardy-Weinberg equilibrium, the proportion of female worms that were homozygous for these haplotypes are consistent with the numbers expected for diploid individuals, based on the haplotype frequencies present in the MHco3(ISE) population (Figure 2 ). e.g. P=0.321 for haplotype 5, hence P 2 = 0.103 and so roughly 10% of diploid individuals are expected to be homozygous for this haplotype.
Hence the genetic data all supports the 408,911 bp contig being located on the Xchromosome and the H. contortus male and female sex chromosome karyotypes being X0 and XX respectively.
Use of X-chromosome haplotypes to analyse polyandry
The ability to study the inheritance of a series of tightly linked co-inherited markers with a defined set of haplotypes provides an additional approach to investigate the mating pattern of H. contortus. Determination of the number of different paternal X-chromosome fragment haplotypes in a brood from a single female provides a direct measure of the number of different male parents that have contributed to the brood. In order to undertake this analysis, 4 of the MHco3(ISE) female worms that were previously genotyped with the autosomal markers were genotyped with the 6 linked markers on the X-chromosome fragment (the brood of MHco3(ISE) female 3 was not included since the template had been exhausted by the autosomal marker genotyping). An example of the genotyping data is given in Table 4 and the full data set is provided as Supplemental Data in Table S4A- S4D. In analysing the data, the progeny which are monomorphic for all six markers were considered first. These must be either male worms (which contain only a single Xchromosome) or female worms that are homozygous for a particular haplotype. In either case the haplotypes present in monomorphic progeny must correspond to the two maternal haplotypes. In the case of male progeny this is because, in an XX/X0 sex determination system, the male worms inherit an X-chromosome only from the maternal parent. In the case of female progeny, although they inherit an X-chromosome from each parent, for the individual to be monomorphic at all 6 markers the two haplotypes must be identical and so correspond to one of the maternal haplotypes. Hence the two maternal haplotypes can be determined from the genotypes of the monomorphic progeny. In the example provided in Table 4 , all of the nine monomorphic progeny in the brood of MHco3(ISE) adult female 4 are either haplotype 2 or haplotype 5 and so the maternal genotype must have been heterozygous for these two haplotypes (Table 4) . Once the two maternal haplotypes are known, then it is possible to "decode" the haplotypes present in heterozygous progeny. For example, in progeny number 2 of MHco3(ISE) adult female 4, the inherited maternal haplotype must be haplotype 2 (as haplotype 5 doesn't "fit") and so the remaining paternal haplotype must be haplotype 3 (Table 4; Tables S4A-S4D ). As expected, and further confirming an XX/XO sex determination system, there was a maximum of two different haplotypes represented in the monomorphic progeny of each brood (Table 5 ). For three of the broods there are at least 3 different paternal X-chromosomal haplotypes present and for the fourth brood there are at least 4 different X-chromosomal haplotypes present (Table 5) . Hence a minimum of either 3 or 4 different male worms must have contributed to these broods respectively. This confirms the finding of polyandry from the autosomal marker analysis and provides greater discriminatory power increasing the minimum number of paternal genotypes that must have contributed to each brood.
DISCUSSION
The genetics and mating patterns of parasitic nematodes are poorly understood and studies have largely been confined to morphology, cytology and phenotypic analysis of genetic crosses (LE JAMBRE 1981; LEJAMBRE and GEORGI 1970; MUTAFOVA 1995; SANGSTER et al. 1998; WALTON 1959) . In some cases there are conflicting reports of basic aspects such as haploid chromosome number (UNDERWOOD and BIANCO 1999) . Although there are an increasing number of population genetic studies, there are very few inheritance studies using molecular markers. The only two published studies of this type involve the proposal of an XX/XY basis of sex determination in Brugia malayi using a single male-specific marker and the confirmation of the XX/XO female/male karyotypes of Strongyloides ratti using an X-linked RFLP marker (HARVEY and VINEY 2001; UNDERWOOD and BIANCO 1999) .
We have studied the inheritance of microsatellite markers to investigate the basic genetics, the chromosomal basis of sex determination and the mating behaviour of the parasitic nematode H. contortus. The inheritance of both autosomal markers and X-linked markers was consistent with an obligate dioecious mode of reproduction with paternal alleles being present in all broods examined. We developed a panel of tightly linked microsatellite markers on a fragment of the H. contortus X-chromosome and used it to demonstrate the sex karyotype of this parasite as XO/XX male/female. Previous population genetic studies have found a high frequency of null alleles for the seven autosomal markers used in this study and the inheritance studies presented reflect this (REDMAN et al. 2008) . The presence of null alleles for microsatellite markers is recognised in many organisms (DAKIN and AVISE 2004; WAGNER et al. 2006 ) but it appears to be particularly marked in H. contortus and related nematodes (GRILLO et al. 2006; JOHNSON et al. 2006; REDMAN et al. 2008 ). This phenomenon is likely to be due to high levels of polymorphism in flanking sequences, possibly as a consequence of large population sizes in strongylid nematode species resulting in high levels of genetic variation (BLOUIN et al. 1999; BLOUIN et al. 1995) . Failure to account for null alleles in genetic analysis can lead to erroneous conclusions (DAKIN and AVISE 2004; WAGNER et al. 2006 ). However, we were able to adjust for their presence by recognising the fact that certain observed genotypes can represent one of several possible, but defined, true genotypes.
Both the autosomal and X-chromosome markers demonstrate that polyandry occurs in H. contortus with a single female carrying the progeny of between 2 and 4 different males. These represent the minimum numbers of different male genotypes that contribute to each brood since the ability to discriminate between individual paternal genotypes is limited by the level of polymorphism of markers and the presence of null alleles. Polyandry is a phenomenon that has been reported in organisms as diverse as mammals, birds and insects (JENNIONS and PETRIE 2000) . However, to our knowledge, this is the first demonstration of polyandry in a parasitic helminth. We have shown that it occurs in two genetically distinct H. contortus isolates, MHco3(ISE) and MHco4(WRS).
The infections from which the parasites were obtained in this study were the result of orally dosing sheep with 5,000 L3 larvae. This produces infection intensities of adult worms typical of those seen in the heavier worm burdens found in natural infections and so one would predict this is likely to be a common phenomenon in the field. However, it is clearly possible that the extent of polyandry might vary with infection intensity and this will be interesting to examine in future studies. The relative benefits and costs of polyandry in free-living organisms is the subject of much speculation and debate which focuses on the potential genetic benefits of female mate choice versus the costs of multiple mating behaviour and these discussions have been reviewed in detail elsewhere (JENNIONS and PETRIE 2000; TREGENZA and WEDELL 2000) . The potential costs of multiple mating in a parasite such as H. contortus might include the expenditure of energy in finding a mate and undertaking copulation, the disruption of feeding behaviour and loss of mucosal attachment. Hence, there must presumably be significant benefits to the parasite in order to offset these costs and there are a number of possibilities. Firstly, the fecundity of female H. contortus worms is extremely high with a single female worm producing up to 4,000 eggs per day and this level of production can be maintained for many weeks (Jackson, F., unpublished data). This is thought to be an important feature of the parasite's epidemiology and is likely to be critical to its ability to adapt to different climatic zones (WALLER et al. 2004) . This is an extremely high level of zygote production would require a large and continuous supply of sperm. Hence, repeated, and perhaps indiscriminate, mating might be essential to achieve this biotic potential. Secondly, a high level of genetic variation is considered to be of benefit to a pathogen by providing the genetic "raw material" to allow an effective response to selection by, for example, the host immune system or drug treatment. H. contortus does indeed show extremely high levels of genetic variation which is considered to be due, at least in part, to its very large population sizes (BLOUIN et al. 1995; GILLEARD and BEECH 2007; REDMAN et al. 2008; TROELL et al. 2006) . However, polyandry would provide an additional mechanism of generating variation since offspring from a female that has mated with 3 or 4, or perhaps even more male worms, would be much more diverse than those from a single pair mating.
Thirdly, it is possible that polyandry might be a mechanism to minimise the risks of genetically incompatible mating which has been shown to be the case for a number of free-living organisms (FIRMAN and SIMMONS 2008; GARCIA-GONZALEZ and SIMMONS 2007; KLEMME et al. 2008) . The huge amounts of sequence polymorphism seen in the H.
contortus genome involving both SNPs and indels (Gilleard, J.S., Beech, R.N, and Berriman, M, unpublished data) raises the possibility that detrimental recessive mutations could be relatively common in parasite populations. If this were the case, the mating of a female with multiple males would potentially reduce the likelihood of its reproductive failure due to incompatible genotypes.
In summary, this study provides important genetic information and tools required to apply forward genetic analysis to H. contortus. The approaches described here are applicable to other parasitic nematode species but at present the main limitation is the availability of appropriate genetic markers. However, this is likely to become less of an issue in the near future due to the large number of parasitic nematode genome projects that are now underway. Hence there is now an unprecedented opportunity for the application of genetic analysis to this important group of human and animal pathogens. 
